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ABSTRACT 

Spectral  analyses  are  performed  on  turbulence  data  ob- 
tained over  natural  ocean  waves  during  BOMEX.   Results  are 
obtained  for  variance  and  co-variance  spectra,  phase  and 
coherence  relationships,  and  amplitude  ratios.   Peaks 
in  the  horizontal  and  vertical  velocity  spectra  are  observed 
to  correspond  to  the  frequency  of  the  wave  spectra  peaks. 
Phase  relationships  tend  to  obey  predictions  of  potential 
flow  theory  in  regions  of  the  wave  spectra  peaks.   However, 
the  wave  related  motion  contributes  to  the  momentum  transfer 
which  is  not  predicted  by  potential  flow  theory.   The  ratio 
of  the  wave  induced  disturbance  to  the  sea  surface  displace- 
ment is  used  to  locate  the  wave  spectra  frequency  for  which 
the  level  of  measurement  is  a  critical  level.   Results  of 
the  study  are  readily  compared  to  existing  wind-wave 
coupling  theories,  both  linear  and  non-linear. 
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I.   INTRODUCTION 

Several  applied  problems,  especially  long  range  atmos- 
pheric prediction,  have  created  considerable  interest 
recently  in  the  contributory  effects  of  the  near  surface 
boundary  layer  over  the  oceans.   For  example,  Zilitinkevich 
(1969)  has  stated  that  long  range  atmospheric  prediction 
models  will  require  proper  description  of  the  effects  of 
sea-air  interaction.   Such  descriptions  will,  most  likely, 
include  estimates  of  energy  exchange  in  the  near  surface 
layer.   Furthermore,  calculating  these  estimates  requires 
a  comprehension  of  the  mechanisms  governing  sea-air  inter- 
action processes. 

An  important  sea-air  interaction  concept  is  that  of  the 
wind-wave  coupling.   Recent  theories  of  wind-wave  coupling 
have  been  proposed  by  Miles  (1957)  and  Yefimov  (1970). 
Unfortunately,  theoretical  aspects  of  wind-wave  coupling 
have  progressed  much  more  rapidly  than  actual  observational 
studies.   However,  significant  progress  occurred  in  1969 
with  respect  to  observational  studies  as  a  result  of  the 
"Barbados  Oceanographic  and  Meteorological  Experiment" 
(BOMEX). 

BOMEX  took  place  in  the  Atlantic  Ocean  east-northeast  of 
Barbados,  West  Indies.   The  area  of  interest  was  contained 
in  a  volume  500  km  square  and  from  500  m  below  the  sea 
surface  to  three  miles  above  it.   The  experiment  was  perhaps 
one  of  the  largest  environmental  research  programs  ever 


undertaken.   It  consisted  of  oyer  80  subprograms.   One  of 
these  subprograms,  titled  "sea-air  interaction,"  is  signifi- 
cant to  this  study  because  it  dealt  with  the  measurement  of 
heat  and  momentum  exchange  between  the  sea  and  the  near 
surface  layer  of  the  atmosphere. 

Various  oceanic  platforms  were  used  in  the  collection  of 
near-surface  data  but  one  was  of  particular  interest.   That 
was  the  "Floating  Instrument  Platform"  (FLIP).   The  data  to 
be  considered  in  this  report  was  collected  from  FLIP. 

The  primary  purpose  of  this  study  is  to  perform  spectral 
analyses  on  the  velocity  data  obtained  near  the  surface  and 
compare  the  results  with  those  predicted  by  existing  wind- 
wave  coupling  theories.   A  secondary  purpose  is  to  attempt 
simultaneous  investigations  of  the  linear  and  non-linear 
interactions  occurring  between  the  ocean  waves  and  airflow 
in  the  near  surface  boundary  layer. 


FLIP  was  developed  by  the  Marine  Physical  Laboratory  of 
The  University  of  California,  San  Diego  and  Scripps  Institute 
of  Oceanography.   For  more  information  on  FLIP  see  Bronson 
and  Glasten  (1965) . 


II.   BACKGROUND 

It  has  long  been  accepted  that  a  wind  blowing  across 
water  will  cause  waves.   However,  very  few  theories  on  how 
the  wind  caused  waves  have  been  advanced  until  recently. 
In  an  early  study,  Jefferys  (1924)  discussed  the  minimum 
wind  necessary  to  cause  waves  using  the  effects  of  normal 
stresses.   Later,  Phillips  (1957)  provided  a  significant 
theory  on  how  a  turbulent  wind  advecting  over  an  initially 
still  body  of  water  causes  waves.   This  "wave  generation" 
theory  of  Phillips  was  soon  complemented  with  a  wind-wave 
coupling  theory  by  Miles  (1957).   Recently,  spectral  analyses 
on  over  water  velocity  data  have  provided  observational 
results  which  can  be  used  to  evaluate  features  inherent  in 
Miles'  thoery. 

2.1   THEORETICAL  BACKGROUND 

In  this  section  aspects  of  wind-wave  coupling  theories 
will  be  reviewed  briefly.   First  to  be  considered  are 
aspects  of  Miles'  theory.   The  primary  features  of  the  air- 
flow in  this  theory  are  depicted  in  Figure  1.   An  essential 
concept  in  Miles'  theory  is  the  existence  of  the  critical 
level,  the  level  where  the  wind  speed  is  equal  to  the  phase 
speed  of  the  perturbing  wave.   The  critical  level  (Z  )  is 
denoted  by  a  dashed  line  in  Figure  1  in  a  coordinate  system 
which  is  stationary  with  respect  to  the  wave  phase  speed. 
Below  Z   the  airflow  appears  to  be  moving  in  a  negative 
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Figure  1.  Model  of  Miles'  Wind-Wave  Coupling  theory 
showing  consequences  of  dynamics  at  critical  level,  from 
Davidson  (1970). 


direction  since  the  wind  speed  is  less  than  the  phase  speed 

of  the  wave.   Above  Z„  the  wind  speed  exceeds  the  wave 

c 

speed,  and  hence  the  flow  appears  to  move  in  a  direction 
opposite  that  below. 

A  definite  sinusoidal  phase  relationship  between  the 
wind  and  waves  is  depicted  in  Figure  1  above  and  below  Z  , 
while  at  Z  no  such  relationship  appears.   The  latter  leads 
to  the  fact  that  no  phase  relationship  can  be  defined  at 
this  level  since  the  mean  wind  is  moving  at  the  same  speed 
as  the  disturbing  wave.   Through  this  level,  though,  a  phase 
shift  occurs  between  the  fluctuations  in  the  airflow  and  the 
water  surface  elevation.   Lighthill  (1962)  has  related  the 
shift  to  the  dynamics  of  the  critical  level  which  involves 
the  transfer  of  vorticity  through  Z  .   A  lesser  amount  of 
vorticity  is  transported  downward  than  upward  across  Z  . 
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The  result  is  a  net  vortex  acceleration  at  the  critical 
level.   This  negative  mean  acceleration  extracts  momentum 
from  the  mean  wind  and  transfers  it  to  the  wave. 

Miles'  theoretical  model  is  essentially  linear  in  nature 
since,  in  the  model,  turbulence  in  the  airflow  is  neglected 
except  for  its  role  in  maintaining  the  mean  wind  profile. 
Recently,  however,  a  wind-wave  coupling  theory  was  advanced 
by  Yefimov  (1970)  wherein  the  effects  of  turbulence  in  the 
airflow  were  considered.   In  Yefimov' s  model  dynamics  at 
the  critical  level  are  not  the  only  reason  for  wave  related 
motion  to  deviate  from  potential  flow  predictions. 

Potential  flow  predictions  apply  to  the  fluctuations 
observed  at  a  fixed  level  in  a  shear  flow  above  a  progressive 
wave.   The  horizontal  wind  component  differs  from  the  wave 
by  180  degrees,  and  the  vertical  wind  component  leads  the 
wave  by  90  degrees.   Because  u  and  w  are  90  degrees  out  of 
phase  in  such  a  case,  the  u  momentum  transfer,  uw,  would  be 
zero.   Yefimov,  however,  obtained  numerical  results  which 
indicate  that  momentum  transfer,  uw,  is  not  zero  due  to 
the  non-linear  interaction  between  the  wave  induced  motion 
and  the  turbulence  in  the  airflow. 

2.2   OBSERVATIONAL  BACKGROUND 

The  theoretical  investigations  of  wind  wave-wave  coup- 
ling appear  to  have  progressed  at  a  steady  rate  but,  as 
Stewart  (1967)  has  noted,  the  availability  of  overwater 
measurements  has  been  insufficient  to  either  verify  or 
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modify  existing  theories.   The  situation,  however,  has 
Improved  considerably  over  the  last  five  years.   Recent 
observational  studies  have  been  described  by  Pond,  et  al. 
(1971),  Yefimov  and  Sizov  (1969),  Davidson  (1970),  Kondo, 
et  ai.  (1972),  and  several  others.   Two  investigations  of 
particular  importance  to  this  thesis  are  those  by  Kondo, 
et  al.  and  Davidson.   These  reports  will  be  discussed  in 
detail  below. 
2.2.1  Results  of  Kondo  et  al. 

Kondo  et  al.  performed  spectral  analyses  on  data 
obtained  from  a  marine  tower  in  Sagami  Bay,  Japan.   The 
results  were  compared  with  the  predictions  of  inviscid 
theory.   Their  study  was  limited  to  the  relationships  of 
the  horizontal  wind  fluctuation  to  the  sea  surface  displace- 
ment, thus  omitting  any  consideration  of  the  vertical 
fluctuations.   This  is  unfortunate  since  the  vertical  ve- 
locity fluctuation  is  important  in  the  existing  theories 
and  also  in  any  examination  of  momentum  transfer  processes. 
The  vertical  velocity  component  was  available  for 
consideration  in  the  present  study. 

The  results  of  Kondo  et  al.  revealed  a  peak  in  the 
velocity  spectra  at  the  frequency  of  the  wave  spectrum 
peak  (Figure  2a).   Also,  a  maximum  value  of  coherence 
(Figure  2c)  was  centered  around  this  frequency.   The  latter 
result  is  indicative  of  the  high  correlation  between  the 
horizontal  wind  fluctuations  and  the  sea  surface  displace- 
ment.  With  respect  to  phase  relationships  between  the 
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Figure  2.   Samples  of:  (a)  sea  surface  displacement  and 
velocity  power  spectra,  (b)  phase  shift  between  u  and  waves, 
(c)  coherence  values,  and  (d)  amplitude  ratio, 
from  Kondo  et  al.  (1972). 
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fluctuating  horizontal  wind  and  the  sea  surface  displacement, 
the  phase  difference  appeared  to  be  dependent  on  the  rela- 
tive velocities  of  the  mean  wind  and  the  propagating  wave. 
A  sample  of  their  phase  results  appears  in  Figure  2b.   In 
this  figure  the  heavy  solid  line  denotes  the  inviscid 
theory  prediction  and  the  series  of  squares  represent  the 
mean  of  two  sets  of  observations.   The  u  component  of  the 
fluctuating  wind  was,  therefore,  observed  to  differ  from 
the  sea  surface  displacement  by  about  180  degrees  in  the 
0.1  to  0.25  Hz  frequency  range,  then  becoming  negative 
abruptly.   The  abrupt  frequency  reversal  is  in  agreement 
with  inviscid  theory  except  that  the  actual  phase  reversal 
was  observed  to  occur  at  a  higher  frequency  than  predicted. 
Specifically,  the  phase  reversal  occurred  at  the  wave 
frequency  whose  phase  speed  was  equal  to  about  two-thirds 
the  speed  of  the  mean  airflow  at  the  level  of  measurement. 
In  general,  Kondo  et  al.  found  the  phase  reversal  to  occur 
at  the  point  where  the  mean  wind  speed  was  1.2  to  1.5  times 
the  phase  speed  of  the  perturbing  wave. 

They  also  examined  a  spectral  statistic  referred  to 
as  the  amplitude  ratio  (to  be  described  in  section  3*2.2). 
This  statistic  was  useful  in  the  discerning  of  the  fre- 
quency of  phase  reversal  even  when  the  background  turbu- 
lence was  large  relative  to  the  wave  induced  turbulence. 
A  sample  of  the  amplitude  ratio  appears  in  Figure  2d.   The 
solid  line  denotes  the  prediction  by  inviscid  theory.   The 


14 


ratio  can  be  seen  to  have  a  minimum  at  the  same  frequency 
(0.25  Hz)  where  the  phase  relationship  reversed  (Figure  2b) 
and  the  coherence  value  dropped  to  zero. 

The  work  of  Kondo  et  al,  was  a  fortuitous  reference 
for  this  thesis.   Their  interpretations  with  respect  to 
inviscid  theory  form  the  primary  background  against  which 
the  results  of  this  present  study  will  be  compared. 
2.2.2   Results  of  Davidson 

Davidson  (1970)  examined  observational  data  gathered 
over  waves  on  Lake  Michigan.   The  data  were  from  simultan- 
eous measurements  of  wave  heights  and  velocity  fluctuations, 
u  and  w,  at  two  different  levels.   He  obtained  spectral 
results  which  were  compared  to  the  wind-wave  coupling 
predictions  of  Miles'  theory.   In  a  later  paper,  Davidson 
and  Franks  (1973)  considered  the  role  of  turbulence  in 
these  same  data. 

Characteristic  peaks  in  the  velocity  spectra  at  the 
frequency  of  the  wave  spectra  peaks  were  observed  in  the 
Lake  Michigan  results  (Figure  3).   Furthermore,  momentum 
transfer  from  the  waves -to  the  airflow  at  the  frequency  of 
the  wave  spectrum  peak  was  found  to  occur  when  the  mean 
wind  speed  was  much  less  than  the  phase  speed  of  the  domin- 
ant wave  component.   Interpretations  of  Davidson's  results 
with  respect  to  the  proximity  of  the  critical  level  re- 
vealed that  the  phase  relationships  between  the  velocity 
components  and  waves  were  in  agreement  with  the  predictions 
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of  analytical  theory  as  described  by  Lighthill  (1962). 

A  sample  of  Davidson's  phase-coherence  results  appears  in 

Figure  4.   His  results  are  similar  to  those  of  Kondo  et  al. 

The  investigation  of  Davidson  was  one  of  the  first 
and  one  of  the  more  complete  spectral  studies  of  observa- 
tional data.   Also  his  tested  procedures  were,  in  large 
part,  a  basis  from  which  spectral  analyses  procedures  used 
in  this  thesis  were  developed. 

The  results  of  Davidson,  Kondo  et  al. ,  and  the 
current  study  which  represent  three  independent  experiments 
should  provide  a  strong  observational  basis  for  proper 
evaluation  of  existing  wind-wave  coupling  models. 
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Figure   4.      Samples   of  phase  and  coherence   spectra, 
from  Davidson   (1970). 
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III.   MEASUREMENTS  AND  ANALYSES 

3.1   MEASUREMENTS 

University  of  Michigan  personnel  obtained  over  5^  hours 
of  measurements  in  40  separate  observational  periods  aboard 
FLIP  during  the  last  two  weeks  of  May  1969 .   Measurements 
of  the  three  fluctuating  velocity  components  (u,  v,  and  w) 
were  made  at  the  2,  3>  6  and  8  meter  levels  (see  Figure  5). 
They  were  made  with  hot  film,  constant  temperature  anemom- 
eter systems.   The  anemometer  systems  incorporated  linear- 
izers  to  compensate  for  the  non-linear  voltage-velocity 
relationship.   In  such  a  system,  the  velocity  is  measured 
on  the  basis  of  heat  loss  from  the  heated  sensor  to  the 
moving  air.   An  advantage  of  this  system  is  the  frequency 
response,  which  was  over  50  hz  (Portman,  et  al.,  1970). 

Wave  heights  were  measured  with  a  resistance  wave 
gauge,  made  available  by  Dr.  R.  E.  Davis,  Scripps  Insti- 
tution of  Oceanography.   The  probe  consisted  of  a  noncon- 
ducting tube,  with  a  conducting  wire  wrapped  spirally 
around  it.   It  was  positioned  about  five  meters  inboard  of 
FLIP'S  vertical  mast  (Figure  5). 

Sensor  outputs  were  recorded  by  frequency  modulation 
on  two  seven  channel,  magnetic  tape  recorders  using  one- 
quarter  inch  magnetic  tape. 


For  details  on  sensors  and  recording  equipment  see 
Portman,  et  al. ,  1970. 
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Figure  5.   Sensor  locations  on  FLIP,  from  Portman  et  al 
(1970). 


3.2   ANALYSES 

The  primary  objective  of  the  analyses  is  to  describe 
wind  and  wave  fluctuations  on  the  basis  of  spectral  results 
However,  before  spectral  analyses  could  be  applied  to  the 
data,  several  preliminary  steps  were  completed.   These 
initial  procedures  appear  in  the  flow  diagram  in  Figure  6. 


20 


/ 


« 

°    \ 

COH       \ 

■  *>     \ 

^r*     ^^v 

(Hi   CO          \ 

*     \      I 

/«3e  cy  1 

O**          1           \ 

• 

U  a) 

La  -"*-*    j 

C4J                 1 

V  >t<   V 

NO           / 

1  ■> 

/ 

1  £ 

4)                      O 

». 

1 1— ' 

1  e 

1  <h 

rH  *>   CD                V 

• 

•  *> 

i  « 

Cd  i-t   O   M        O 
O  <H  3  C  0\ 

ton  to 
c  toe 

1  u 

•H  PSl  TD  -H  4J    CO 

fci          CO  <-i        -P 

rICH    1) 
H   CD    U*> 

■  *> 

s 

a>    •  f-  a  in  a. 

Eft-        E  -P 
3     •  O  co  cd  lA 

ed 
■p 

<S         4)  H 
O   O   4)    C 

\ 

« 

ca  -p  e  3 

<d 

1  u 

CiJ'P  ca  fa  CVI 

■a 

4* 

3   « 

o      ac 

1  « 

1 

1 

■  ** 

1 , 

1   3                             " 

1                    *> 

TJ 

t-MEo 

1 

H 

C  <o 

«  «J  Oh 

o 

o  « 

NHUO 

1  o 

o 

o  feO 

1  o 

• 
> 

CD   CO 
CD    U 
*     « 

!  T> 

1   3 

iH   > 

1   O 

•=r  co 

1  * 

»- 

!  ° 

1 «-" 

■as 

r    " 

"T 

1 

60  1 
O  -P  if\ 

bO       OH  3    • 

.  c 

C           CD    aj    O  CM 

1  <» 

H          ■    C~"H 

w 

N       \ed  . 

1  -i 

i 

H         O          fa  <w 

4 1 

1  j= 

1 

' 

1 

P         -P   hD  4>   O 

Hoacw 

1    «H 

toe 

c* 

69  a)       h  i-t  «-,*■-. 

1    S 

c  o 

o      ^^<» 

H         O    tlHliN 

•H  Ti  a 

h  gi  n 

■  >> 

a     m  3  «-.  o  x 

tw 

4->  JJ    CD 

3   O   C 
a  CD  H 

•P   C    CD 
o  H  3 

1)   OH 

fa  o  cd 

\  ** 

fa 

O          1 

1   ° 

t> 

j 

1 

1  H                             " 

i  «h       a] 

1  >» 

E  fa  en 

1  «* 

u       u  u 

1  .p 

oho 

H  o  >^J 

gin  OA 
t.  O  C  H  o 

1  "H 

OT3   O 

'Q0t**^ 

1     CO 

1  u 

O  *H    CD   CO  H 

1     CD 

1  *» 

U4>    DUO 

1  > 

03 

1     ,h 

1   V 

U-- 

l|S 

J 

1  ** 

'  a. 

60= 

i  a 

CH           4» 

1  «-> 

H                  O 

,  e 

J3    O    d)       1)    CD 

1  ■> 

x>  j->  a    u  rj 

i* 

*  H 

3   C  ed     tHO 

3              co 

1  • 
i  a 

•O  O  -P     T3  E 

s    z 

-p             cd 

13                       ^ 

I 

a.        co 

3              -P 

1  £ 

J 

tlon 

/out 
ed  c 

o 

4>                4* 

co           -P         £ 
fa            3          o 

«         a       c 

*>                   41 

•H                   G> 

to 

c             ft 

a        b        3 
e        it       a 

a          1 

•H=              \ 

i         i        i 

i            i 

•ast        m 
•a  fc\ 

i — i  is  n 

n.    ^s. 

riOH«     CI 

i    mi 

\  \f^ 

cd  o       a     i 

j 

1      V 

r<  vca    s: 

i      \^>  i 

L  *    ^-^ 

<~,  t,  o  4->    E 

hv 

o 


CO 


_l 


•H 

c 

M 


VO 

CO 

bO 
•H 


21 


2 

3.2.1   Initial  Data  Preparation 

Initially,  at  the  NASA  Mississippi  test  facility,  Bay 
St.  Louis,  the  data  in  analog  form  had  to  be  reproduced  from 
one-quarter  inch  magnetic  tape  onto  one  inch  tape.   The  data 
was  then  digitized  at  50  points  per  second.   An  analog  filter 
was  used  to  eliminate  all  frequencies  greater  than  12.5  hz . 
At  the  same  time  corrections  were  made  to  the  data  for  gain 
and  drift  errors  during  recording  using  available  calibra- 
tion signals. 

The  digitized  records  were  reduced  to  25  points  per 
second  at  NASA  Michoud  Computer  Operations,  Slidell, 
Louisiana,  by  numerical  filtering.   For  this,  a  5-weight 
inverse  transform  filter  was  used  which  has  a  high  frequency 
cut  off  of  about  7  hz. 

Direction  cosines,  which  were  required  for  determining 
the  individual  wind  velocity  components  (u,v,w),  were  com- 
puted from  the  hot  film  data.   This  procedure  was  necessary 
because  of  the  arbitrary  orientation  of  the  hot-film  anemom- 
eter probe  during  measurements.   The  direction  cosines  were 
computed  at  the  University  of  Michigan  using  4l  second 
averages  of  the  hot-film  anemometer  data. 

The  final  steps  in  initial  data  preparation  were  to 
scale  the  data  to  engineering  units  (e.g.  cm/sec.,  degrees 
centigrade,  etc.)  and  then  to  compute  zero  lag  statistics 
(e.g.  first,  second,  third  and  fourth  moments). 


2 

All  procedures  utilized  in  the  initial  data  preparation 

were  developed  by  the  Department  of  Meteorology  and  Oceanog- 
raphy, University  of  Michigan,  under  the  direction  of  Professor 
D.J.  Portman. 
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3.2.2  Data  Reduction  and  Analyses 

Seven  of  the  forty  observational  periods  were  chosen 
for  spectral  analyses  in  this  study.   However,  prior  to  per- 
forming the  spectral  analyses,  four  additional  procedures 
were  necessary. 

First,  the  over  abundance  of  data  (about  120,000  data 
points  per  period)  had  to  be  reduced  to  a  manageable  figure 
(about  24,000  points  per  period).   This  was  accomplished 
using  an  11  weight  low-pass  numerical  filter.   The  sampling 
rate  was  reduced  from  25  to  5  data  points  per  second. 

Second,  the  removal  of  the  means  and  trends  was  neces- 
sary to  that  the  time  series  could  be  considered  statistical- 
ly stationary.   A  time  series  can  not  be  considered  stationary 
if  scales  of  variation  exist  which  are  long  relative  to  the 
record  length.   The  means  and  trends  were  removed  by  forming 
a  best  fit  in  a  "least  squares"  sense  to  the  original  time 
series. 

Elimination  of  erroneous  data  points  was  a  third 
necessary  procedure.   "Dropouts"  and  "spikes"  occasionally 
appeared  in  the  records  due  to  inherent  imperfections  in 
both  the  magnetic  tape  and  electronic  components  during  the 
initial  recording  aboard  FLIP.   To  remove  these  bad  data 
points  each  time  series  was  "edited"  by  comparing  the  devia- 
tion of  each  data  point  from  the  mean  with  the  standard 


3 

All  computations  in  this  section  were  done  on  the  IBM- 

360  computer  in  the  W.R.  Church  Computer  Facility  at  the 
U.S.  Naval  Postgraduate  School,  Monterey,  California. 
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deviation.   If  the  deviation  exceeded  four  times  the  standard 
deviation  the  point  was  replaced  with  an  interpolated  value. 
If  a  discarded  point  was  the  first  or  last  point  in  a  record 
it  was  replaced  with  the  mean  value. 

A  final  step  was  to  apply  a  data  window  to  each  time 
series.  This  diminished  the  energy  drainage  between  neigh- 
boring harmonics.  The  data  window  selected  for  use  was  the 
"cosine  bell"  which  Davidson  (1970)  used  and  corresponds  to 
the  Tukey  Spectral  Window  (Blackman  and  Tukey,  1958,  page 
98). 

Completion  of  the  four  previous  procedures  resulted 
in  a  quasi-stationary  time  series  ready  to  be  transformed 
into  frequency  space.   The  transformation  was  accomplished 
using  a  version  of  the  Fast  Fourier  Transform,  RHARM, 
(Cooley  and  Tukey,  1965)  which  is  included  in  the  IBM 
scientific  subroutine  package.   The  transform  in  this  sub- 
routine was  the  following: 


A    N-l  , 

x,  =  ^+   E   [A   cos  (3™)    +   B   sin  (^~)]  (1) 

j    2      ,    n       N      n       N 


where     j  =  0,1,2,. . . ,(2N-1) 
N  =  8192 
n  =  harmonic  number 


x.  =  variable  at  time   step  j 

A  ,B  =  Fourier  coefficients 
n  n 


2M 


8192  pairs  of  Fourier  coefficients  were  obtained  from 
the  transformation  of  the  16,384  data  points.  These  coeffi- 
cients were  treated  in  complex  form  such  as  u  =  A  +  iB 

*  n    n     n 

(n  refers  to  the  nth  harmonic)  and  were  used  to  compute  the 
various  spectral  estimates. 

The  variance  spectral  estimates  for  each  variable 
were  determined  for  the  product  of  u(n)  and  its  conjugate 


0   (n)  =  1   [A  +iB  ]-[A  -iB  ]  =  %   [A  2+B  2]  (2) 

Yuu      2   n   n   L  n   n    2   n   n 


where     T  =  length  of  period. 

The  cross  spectral  estimates  were  determined  from  the 
product  of  one  complex  coefficient  (u(n))  with  the  conjugate 
of  another,  (v(n)), 


<t>   (n)  =  %   [A  +iB  ]-[C  -iD  ] 
yuvv     2   n   n   L  n   n 


~  [A  C  +B  D  ]  +  i  fr  [B  C  -A  D  ]  (3) 

2   n  n  nn      2nn  nn 


The  real  and  imaginary  parts  of  equation  3  are  the  co- 
spectral  and  quadrature  spectral  estimates  respectively: 


co-spectral;   <t>   (n)  =  %   [A  C  +  B  D  ]  (4) 

*  »   Yuv      2   n  n    n  n 


quadrature     #       T 

spectral;   *uy(n)  =  |  [B^-A^]  (5) 
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The  8192  estimates  for  variance  and  cross-variance 
spectra  were  reduced  to  128  data  points  by  averaging  over 
neighboring  harmonics.   This  was  done  to  improve  diagnostic 
values,  and  hence  eliminate  the  scatter  In  the  original 
values,  but  still  retain  significant  features.   The  procedure 
used  was  similar  to  one  used  by  Oort  and  Taylor  (1969)  and 
Davidson  (1970)  and  involved  averaging  over  exponentially 
increasing  intervals  as  the  frequency  increased.   This 
method  results  in  the  final  estimates  being  equally  spaced 
over  a  logarithmic  scale. 

The  phase  relationship  (e   (n)  between  wind  compo- 
nents (u,v,w)  and  the  waves  (n)  was  determined  using  the  co- 
and  quadrature  spectral  estimates  (Equations  4  and  5)  as 
follows: 

£ 

e   (n)  =  arctan  [4>   (n)/<j>   (n)]  (6) 

un  un    Yun 

An  estimate  of  the  correlation  or  association,  between 
the  fluctuating  wind  components  and  the  sea-surface  displace- 
ment, as  a  function  of  frequency  is  expressed  by  the 
coherence.   The  coherence  is  the  normalized  cross-spectral 
estimate  and  was  also  computed  from  average  spectral  esti- 
mates in  the  form: 


coh   (n)  =  [♦lln(n)  +  *   (n)]/[$   (n)-T  (n)]  (7) 

un        un       un       uu     nn 


A  final  statistic  computed  from  average  spectral 
estimates  is  the  ratio  of  the  wave-induced  disturbances  to 
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the  sea  surface  displacement,  as  a  function  of  frequency. 
This  ratio  is  called,  appropriately,  the  "amplitude  ratio" 
and  is  used  to  locate  the  frequency  of  the  wave  component 
whose  phase  speed  causes  the  level  of  measurement  to  become 
a  "critical  level".   The  amplitude  ratio  is  expressed  as 


2      2 
(Amplitude  Ratio)2  =  [J2    (n)  +  J*    (n)]/?  (n)         (8) 


After  all  spectral  results  are  obtained  they  are 
plotted  on  a  linear-log  scale.   The  variance  and  co-variance 
spectral  estimates  were  plotted  on  the  y-axis  as  a  product 
of  the  frequency  and  spectral  estimate,  n*<j>   (n).   The 
x-axis  in  all  plots  was  plotted  as  the  common  logarithm  of 
the  frequency.   For  the  phase  relationships,  the  y-axis  was 
scaled  from  0  to  360  degrees.   The  common  logarithm  of  the 
amplitude  ratio,  rescaled  from  0  to  1,  is  displayed  on  the 
y-axis  in  those  plots. 


.  27 


IV.   PRESENTATION  OF  RESULTS 

Spectral  results  for  seven  of  the  40  observational 
periods  will  be  presented  in  this  section.   A  brief  meteoro- 
logical summary  of  these  periods  appears  in  Table  1.   The 
mean  wind  velocity  is  shown  to  be  about  10  mps  at  the  eight 
meter  level  in  all  periods  except  5  and  6,  where  it  is 
about  7  mps.   The  wave  heights  were  visually  estimated  to 
be  6-8  feet  in  5  of  the  seven  periods.   In  periods  3  and  4, 
the  wave  heights  were  estimated  to  be  3-^  feet.   During 
periods  5>  6,  and  7,  the  wave  heights  were  increasing. 

The  mean  directions  of  the  wind  and  waves  were  nearly 
coincident  during  the  seven  periods.   The  relative  angle 
between  wind  and  waves  was  5  degrees  or  less  for  all  periods 
except  for  7  where  it  was  20  degrees  (from  Superior,  1969). 

The  critical  level  corresponding  to  the  wave  spectra 
peak  was  well  above  10  meters  since  the  phase  speed  corres- 
ponding to  this  frequency  (0.1  hz)  was  about  15. 6  mps  for 
a  deep  water  wave.   Thermal  stratification  of  the  air  for 
all  periods  was  stable. 

The  results  will  be  presented  individually  for  variance, 
spectra,  co-variance  spectra,  phase  and  coherence  spectra, 
and  amplitude-ratio  spectra.   Within  each  presentation, 
u,  v,  and  w  contributions  will  be  considered  separately. 
Additionally,  periods  1-6  will  be  considered  collectively 
for  the  8  meter  level.   Period  7  at  the  3  meter  level,  will 
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be  considered  separately  in  section  4.3  due  to  the  different 
features  observed  closer  to  the  surface. 

Variance  and  co-variance  spectral  results  will  be  pre- 
sented in  terms  of  their  respective  relationships  to  the 
wave  spectra  peak.   Results  of  phase,  coherence,  and  ampli- 
tude ratio  computations  will  be  compared  with  the  predictions 
of  potential  flow  theory. 

4.1  VARIANCE  SPECTRA 

Wave  spectra  for  periods  1-6  appear  in  panel  F  of 
Figures  7-12  inclusive.   A  peak  in  the  wave  spectra  is  ob- 
served at  a  frequency  of  about  0.1  hz  in  each  period.   In 
panel  A  of  Figure  7  a  coreesponding  peak  in  the  u  spectra 
is  seen  at  the  frequency  of  the  wave  spectrum  peak.   The 
front  face  of  the  peak  in  the  u  spectra  appears  to  coincide 
almost  exactly  with  the  front  face  of  the  wave  spectrum 
peak. 

With  respect  to  relative  magnitudes  of  the  u  spectral 
peaks,  periods  1  and  3  have  higher  mean  wind  speeds  (Table  1) 
and  thus  would  be  expected  to  have  more  background  turbu- 
lence.  The  higher  background  turbulence  is  revealed  by  the 
overall  larger  values  across  the  spectrum.   That  this  back- 
ground turbulence  tends  to  mask  wave  induced  pertubations 
in  the  airflow  is  evidenced  by  the  less  pronounced  peak  in 
u  at  the  wave  spectrum  peak  frequency.  Conversely,  signi- 
ficant peaks  in  the  u  spectra  are  seen  in  periods  2,  4,  5, 
and  6.   These  peaks,  in  u,  closely  approximate  the  shape 
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Figure  7.   Period  1.   Variance  and  Covariance  Spectral  Results 
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Figure  8.   Period  2.   Variance  and  Covariance 

Spectral  Results. 
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Figure  9.  Period  3.  Variance  and  Covariance  Spectral  Results 
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Figure  10.  Period  H.    Variance  and  Covariance  Spectral  Results 
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Figure  11.  Period  5.  Variance  and  Covariance  Spectral  Results 
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Figure  12.  Period  6.  Variance  and  Covariance  Spectral  Results 
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of  the  wave  spectra  peaks.   In  these  *J  periods,  the  wind  had 
been  decreasing  rapidly,  resulting  in  less  background 
turbulence. 

V  spectra  appear  in  panel  B  of  each  figure.   No  peaks 
in  the  v  spectra  are  visible  in  periods  1  and  6,  but  for 
periods  2-5  peaks  do  exist  near  the  frequency  of  the  wave 
spectra  peaks.   Peaks  in  the  v  spectra,  periods  2-5,  are 
interpreted  to  be  due  to  the  relatively  large  wave  induced 
lateral  wind  fluctuation  occurring  when  mean  wind  and  wave 
propagation  directions  differ. 

W  spectra  appear  in  panel  C  of  Figures  7-12.   Peaks 
in  the  w  spectra  can  be  identified  for  all  periods  and  are 
centered  near  the  frequency  of  the  wave  spectra  peaks 
(0.1  hz). 

In  period  1,  the  wave  related  w  spectrum  peak  does  not 
appear  to  be  significant.   This  is  possible  due  again  to 
a  relatively  high  magnitude  of  background  turbulence.   The 
background  turbulence  is  also  evidenced  in  the  u  spectrum 
for  this  period.   The  w  peak  in  period  2  is  quite  pro- 
nounced even  though  the  overall  magnitude  of  the  wave  spec- 
trum peak  is  decreased.   The  prominent  w  peak  is  possibly 
associated  with  the  decreasing  mean  wind  speed  and  subse- 
quent reduction  in  background  turbulence.   The  overall 
w  spectrum  in  period  3  is  of  relatively  high  magnitude. 
This  is  possibly  due  to  the  rapid  increase  in  the  mean  wind 
speed  which  had  occurred  over  the  last  few  hours.   Also, 
as  the  mean  wind  speed  increased  the  influence  of  the  waves 
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on  the  vertical  airflow  at  this  level  appeared  to  diminish. 
This  could  be  due  to  the  increased  winds  causing  the  level 
of  measurement  to  approach  being  a  critical  level  with 
respect  to  the  peak  wave  spectrum  frequency.   Recall,  that 
decreased  wave  influence  was  evident  in  the  u  spectra.   In 
periods  5-6  the  mean  wind  speed  had  decreased  significantly 
and  the  peak  waves  increased  influence  on  the  near  surface 
layer  airflow  was  obvious. 

4.2   CO-VARIANCE  RESULTS 

The  uw  and  un  cospectra  appear  in  panels  D  and  E, 
Figures  7-12,  respectively.   Again,  extrema  in  the  co- 
spectra  results  appear  at  the  frequency  of  the  wave  spectra 
peaks.   At  the  frequency  of  the  wave  peaks  for  periods  2,  55 
and  6,  an  upward  u  momentum  transfer  occurs.   The  distinct, 
positive  uw  spectra  peaks  at  this  frequency  are  indicative 
of  the  non-linear  wind-wave  interaction  in  the  near  surface 
layer.   This  result  contrasts  with  potential  flow  theory 
which  predicts  the  overall  contribution  of  uw  to  be  zero 
since  u  and  w  are  in  quadrature.   On  the  other  hand,  in 
periods  1  and  4,  a  downward  momentum  transfer  is  revealed 
in  the  presence  of  higher  wind  speeds  and  wave  heights. 
This  negative  extrema  in  uw  implies  that  the  airflow  is, 
in  fact,  transferring  energy  to  the  waves  via  a  mechanism 
such  as  that  described  by  Miles.   However,  in  periods  3 
where  the  mean  wind  speed  was  relatively  large  with  small 
wave  heights,  the  background  turbulence  seemed  to  dominate 
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the  uw  co-spectrum.   In  fact,  enhanced  downward  momentum 
transfer  for  the  period  appears  only  as  a  very  narrow  spike 
at  the  frequency  of  the  wave  spectrum  peak. 

Un  cospectra  in  periods  2,  5,  and  6  are  observed  to 
obey  the  predictions  of  potential  flow.   It  can  be  recalled 
that  potential  flow  theory  predicts  a  180  degree  phase 
shift  between  u  and  n .   This  implies  a  negative  correlation 
between  wind  and  waves  such  that  over  the  wave  crest  the 
horizontal  wind  decreases  and  conversely,  over  the  wave 
trough  the  horizontal  wind  increases. 

It  is  interesting  to  note  that  in  period  1,  the  positive  un 
peak  is  associated  with  a  negative  uw  extrema.   However,  in 
periods  5  and  6,  a  negative  un  peak  at  the  frequency  of  the 
wave  spectrum  peak  is  associated  with  a  positive  uw  peak. 

4.3   PHASE-COHERENCE  RELATIONSHIPS 

Phase  and  coherence  relationships  between  the  fluctuating 
wind  components  and  the  waves  for  periods  1-6  appear  in 
Figures  13-18.   In  each  figure,  panels  A-C  and  D-F  are  the 
u,  v,  and  w  spectra  for  the  phase  and  coherence 
respectively. 

The  u-wave  phase  relationship  in  periods  3-6  is  observed 
to  be  160-180  degrees  over  a  wide  spectral  band  centered 
at  the  frequency  of  the  wave  spectra  peaks  (0.1  hz).   Also, 
a  high  coherence  value  occurs  at  this  frequency.   This  is 
indicative  of  high  correlations  between  the  fluctuating  u 
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Figure  13.  Period  1.  Phase  and  Coherence  Spectral  Results 


ho 


1.0  4 


.5 


.  hz 


1.0 

.5 


v 


idk 


ft \n/\km^m   .ftAhZ 


.1 


1. 


1.0  -■ 


.5 


w 


•*" 


.1 


T- 


-&-  hz 
1. 


PHASE 


COHERENCE 


Figure  14.  Period  2.  Phase  and  Coherence  Spectral  Results 
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Figure  16.  Period  4.  Phase  and  Coherence  Spectral  Results 
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Figure  18.  Period  6.  Phase  and  Coherence  Spectral  Results 
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component  and  the  waves.   For  u  and  w,  the  coherence  value 
exceeds  0.5  at  the  frequency  of  the  wave  spectra  peak. 

In  periods  1  and  2  the  phase  difference,  about  180 
degrees,  at  0.1  hz  steadily  decreases  with  increasing  fre- 
quency in  the  region  of  the  wave  spectra  peaks.   This  phe- 
nomenon is  perhaps  due  to  the  decrease  of  phase  speed  as 
the  frequency  of  the  wave  component  increases.   Furthermore, 
significant  correlation  between  u  and  the  wave  across  this 
frequency  band  is  substantiated  by  relatively  high  coher- 
ence values  in  these  two  periods. 

Phase  relationships  between  the  lateral  wind  component 
and  the  waves  are  seen  to  obey  the  same  predictions  of  po- 
tential flow  that  hold  for  u.   For  example,  in  periods  2-5, 
v  depicts  a  phase  difference  of  160-180  degrees.   In  periods 
1  and  6  no  phase  relationship  between  v  and  the  waves  is 
observed.   Most  likely,  the  periods  depicting  a  v-wave 
phase  relationship  include  a  significant  wave  induced  later- 
al wind  component.   Periods  2-5  also  indicate  relatively 
high  values  of  coherence.   This  is,  of  course,  a  confidence 
factor  in  the  interpretation  of  phase  relationships. 

Consideration  of  the  w-wave  phase  relationships  reveals 
a  consistent  correlation  in  periods  1-6.   Interpretations  of 
the  relationships  are  supported  by  peak  coherence  values  at 
the  frequency  of  the  wave  spectra  peaks.   Again,  as  for  u 
and  v,  the  w-wave  phase  relationships  approximate  potential 
flow  theory  which  predicts  that  w  will  lead  the  wave  by  90 
degrees.   In  period  1  background  turbulence  obscures  the 
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phase  relationship  except  over  a  very  narrow  spectral 
band  centered  at  0.1  hz .   The  corresponding  coherence  value 
is   also  observed  to  be  very  low.   Periods  2-6  exhibit 
higher  values  of  coherence  (.4-. 6)  and  the  phase  relations 
appear  to  exist  over  wider  spectral  bands. 

The  above  described  phase  relationships  were  occurring 
at  frequencies  for  which  the  phase  speed  exceeded  the  wind 
speed  at  the  level  of  measurement.   Therefore, • these  phase 
relationships  represent  conditions  below  the  critical  level 
and  deviations  from  potential  flow  would  be  due  to  non- 
linear interactions  resulting  from  turbulence  in  the  airflow, 

Very  little  evidence  of  linear  wind-wave  coupling  has 
been  observed.   This  is  due  to  the  fact  that  the  critical 
level  corresponding  to  the  wave  spectra  peaks  was  well  above 
10  meters.   However,  any  level  of  measurement  in  the  near 
surface  layer  over  a  wave  field  with  a  continuous  spectrum 
should  be  a  critical  level  for  some  particular  wave 
component. 

On  the  basis  of  wind-wave  coupling  theories,  it  is  re- 
called that  at  the  critical  level  no  phase  relationships 
between  the  horizontal  or  vertical  wind  and  the  waves  exist. 
On  this  respect,  Kondo  et  al.  noted  that  at  some  wave  fre- 
quency whose  phase  speed  was  about  2/3  the  mean  wind  speed 
the  phase  relationship  between  u  and  the  wave  reversed 
abruptly  and  the  coherence  dropped  to  zero. 

Considering  the  u-wave  phase  relationship  again,  an 
abrupt  phase  reversal  occurs  in  all  periods  (1-6)  at  a 


47 


frequency  of  about  0.26  hz .   The  phase  reversal  is  accompa- 
nied by  a  rapid  approach  of  coherence  toward  zero  at  that 
same  frequency. 

To  verify  the  phase  reversal  frequency  appearing  in  the 
above  results,  an  analysis  technique  of  Kondo  et  al.  was 
utilized.   This  technique  incorporated  use  of  the  phase 
amplitude  ratio.   Recall  the  amplitude  ratio  is  the  ratio  of 
the  wave  induced  disturbance  to  the  sea-surface  displacement 
Results  obtained  with  the  amplitude  ratio  technique  are 
presented  below. 

4.4   AMPLITUDE  RATIO  RESULTS 

Amplitude  ratio  results  appear  in  Figures  19-21  where 
the  values  are  plotted  in  a  log-log  format,  with  the  y-axis 
scaled  0  to  1.   A  solid  line  denotes  the  smoothed  curve. 

The  frequency  at  which  the  ratio  of  the  wave  induced 
disturbance  to  the  sea  surface  displacement  is  a  minimum,  is 
near  0.26  hz.   This  wave  component  has  a  phase  speed 
which  is  about  equal  to  the  mean  wind  speed  at  the  level  of 
measurement.   Thus,  the  level  of  measurement  is  a  critical 
level  for  the  wave  component  at  the  frequency  of  the  minima. 
In  theory,  the  ratio  would  go  to  zero  at  the  critical  level 
because  there  is  no  wave  induced  motion  at  that  level.   How- 
ever, the  amplitude  ratio  minimum  in  these  results  does  not 
actually  approach  zero  due  to  the  lack  of  a  well  defined 
critical  level  boundary  and  due  to  energy  leakage  from 
neighboring  frequencies. 


48 


I\ ' 


-A * 


o 


EH 

< 

K 

W 
Q 

&h 
M 


i|  ' 


.8--- 


.4-- 


hz 


Figure  19.       Amplitude  Ratio  Results 
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Amplitude  ratio  minimums  for  v  are  also  observed  for 
each  period,  even  though  in  two  periods  (1  and  6)  the  mini- 
mums  are  less  distinct.   It  is  significant  that  even  for 
small  lateral  wind  components  an  amplitude  ratio  minimum  can 
be  observed  to  exist.   In  contrast,  the  small  lateral  wind 
components  gave  only  obscure  spectral  results  in  terms  of 
power  density  peaks,  phase,  or  coherence. 

The  ratio  for  w  which  was  not  considred  by  Kondo  et  al. 
will  now  be  considered.   Again,  as  for  u  and  v,  a  distinct 
ratio  minimum  for  w  is  observed  at  a  frequency  near  0.26  hz . 
This  frequency  also  corresponds  to  the  frequency  of  phase 
reversal  and  zero  coherence  for  w.   Recall  that,  in  period  1 
the  w-wave  phase  relationship  was  obscure  and  the  correspond- 
ing coherence  value  was  low  due  to  excessive  bacground 
turbulence.   However,  the  w  ratio  for  period  1,  clearly 
reveals  the  frequency  at  which  the  phase  reversal  and  zero 
coherence  occurred.   In  effect,  the  ratio  minimum  denotes 
the  wave  frequency  for  which  the  level  of  measurement  was  a 
critical  level. 

On  the  basis  of  the  preceding  discussion  with  regard  to 
critical  level  features  at  frequencies  higher  than  the  pre- 
dominate wave  frequency,  it  is  well  to  reexamine  momentum 
transfer.   It  is  noted  that  previous  discussions  on  the  co- 
spectra   emphasized  the  non-linear  transfer  since  the 
critical  level  corresponding  to  the  wave  spectrum  peak  was 
effectively  at  infinity.   Examination  of  the  uw  co-spectra 
in  period  5  and  6  (Figures  11  and  12)  reveals  that  enhanced 
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downward  momentum  transfer  occurs  on  the  high  frequency  side 
of  the  wave  spectra  peaks.   These  observations  agree  with 
the  predictions  from  Miles'  theory  which  states  that  at  the 
critical  level  momentum  is  taken  from  the  airflow  and  trans- 
ferred downward,  resulting  in  exponential  wave  growth. 

4.5   RESULTS  AT  THE  3  METER  LEVEL  (PERIOD  7) 

Period  7  results  (Figures  22-24)  represent  measurements 
at  the  3  meter  level  as  compared  to  the  8  meter  level  mea-  . 
surement  in  the  other  6  periods. 

As  for  the  higher  levels,  pronounced  peaks  in  the  u,  v, 
w  spectra  correspond  to  the  frequency  of  the  wave  spectrum 
peak  (near  0.1  hz ) .   Interestingly,  a  negative  uw  momentum 
transport  is  observed  even  though  the  level  of  measurement 
is  well  below  the  critical  level.   Also  observed  is  positive 
un  co-spectra  at  0.1  hz.   In  Figure  23,  the  phase  reversal 
of  u  and  v  occur  at  the  same  frequency  as  the  minimum  ampli- 
tude ratio  In  Figure  24.   This  frequency  is  higher  than 
found  in  the  other  periods  because  the  mean  wind  speed  at 
this  level  is  less.   This  agrees  with  Kondo  who  found  the 
ratio  minimum  to  be  dependent  on  height  and  mean  wind 
velocity  at  that  level.   The  w  phase  shift  of  330  degrees 
will  go  unexplained.   However,  the  ratio  and  coherence  for 
w  are  consistent. 
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Figure  22.  Period  7.  Variance  and  Covariance 

Spectral  Results 
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Figure  23.  Period  7.  Phase  and  Coherence  Spectral  Results 
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V.   SUMMARY  AND  CONCLUSIONS 

Spectral  analyses  were  performed  on  turbulence  data 
obtained  over  ocean  waves  during  BOMEX.   Results  of  seven 
selected  periods  were  examined  with  respect  to  predictions 
in  recent  non-linear  and  linear  wind-wave  coupling  theories. 

Initial  interpretation  of  the  spectral  results  pertained 
to  non-linear  interaction  between  the  wave-induced  motion 
and  turbulence  in  the  airflow.   Peaks  in  the  velocity 
spectra  occurred  at  the  frequency  of  the  wave  spectra  peaks. 
At  this  same  frequency  (0.1  hz)  upward  transfer  of  u  momen- 
tum, uw,  was  observed.   Phase  relationships  were  in  partial 
agreement  with  the  predictions  of  potential  flow  theory  in 
the  spectral  region. 

At  a  frequency  (0.26  hz)  slightly  higher  than  that  of 
the  wave  spectrum  peak  the  wind-wave  phase  relationship 
changes  abruptly.   This  change  occurred  at  a  frequency  where 
the  wave  phase  speed  was  roughly  two-thirds  the  mean  wind 
speed  at  the  level  of  measurement.   At  this  same  frequency 
the  wind-wave  correlation  approached  zero,  and  increased 
momentum  transfer  was  observed.   An  examination  of  the 
amplitude  ratio  results  confirmed  the  frequency  of  minimum 
wave  induced  disturbance  to  be  at  about  0.26  hz. 

Basic  conclusions  from  these  results  are: 

1.   The  spectral  results  of  this  study  are  in  general 
agreement  with  the  results  of  Kondo  et  al.  and 
Davidson,  and  provide  more  evidence  that  wind-wave 
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coupling  is  significant  and  occurs,  perhaps,  as 
predicted  by  the  models  of  Miles  and  Yefimov. 
2.   The  results  indicate  that  simultaneous  investigation 
of  both  linear  and  non-linear  aspects  of  wind-wave 
coupling  are  feasible  in  observational  studies 
independent  of  wind  and  wave  conditions.   This  is 
because  every  level  of  measurement  is  a  critical 
level  for  some  component  of  the  wave  spectrum  and 
both  linear  and  non-linear  processes  are  occurring 
simultaneously. 
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